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Abstract

~b visually  clctcwtIiJIc  the positio]l and oricv)tation  of a 111o-
bilc robot fro])) a fixed Jocafion  in its viciIIiiy,  wc h a v e  cm-
ployecl  a c.yli?tdrical  target WJI ich has clif?crenf  colors ia eac}j

of its four quadra])ts.  Jjy judicious selection of the colors,
scg]j]c~l!atio])  o f  i]nagcr.y fro~l] LIIC fixed location caa dctcr-

mi~m the size and centrojcl of the C y l i n d e r ,  a s  well  as the
visihlc  color quacfrarlt.s.  ]Ioth the cylinder  size ia ]nonocolar

images,  alicl  the caltroid disparif.y  in stereo  pairs, are showII
to j>roviclc  a ]ncasum  of dista~lcc. The angle of the cyli]tdcr
i s  dctcr~oi]tcd b-y a])al.yzing  w)ticl)  color quad] a n t s  are vLsi-
ble and to wha~  clegrec.  lr)l~,lcIl]cIttatioI]  a~tcl cx~~crilncntal

testing of this tcchniquc  shows that it provides accurate lo-
calization)  dafa to within OIIC or two pixels of error .

1  hdmocluction

III 1996,  NASA will lauIIclI  tlIe first of  a series of spacecraft
to revisit the }danct Mars. ‘J’llis I’athfillclcr  lander  will con-
tain tlIe Microrovm 11’ligllt  l’;xlmilnmlt  (MI’IX), a  10 kg
six-w]  lcclcd  IIlobile  robot  whic]l  wil l  Venture out  from tllc

laudcv, Iaking l)irturcs ancl lmsitionin.g  an alpha/lmoton/x-
ray slwclrollletm  agailwt clcsigllatcd soil and rocks [2]. Fig-
ure 1 slIows  o u r  olItdoor test systeln w}]icll 171nulatcs  t h e
l]athfilldcr  sccvlalio.

A s  MII’}I}X IIIOVCS  al)out the lander  vicinity,  i ts  positio]l
w i l l  bc incrc,lnellta]ly  e s t i m a t e d  by whcc]  cncoclcrs ancl a
]lcadillg/ralc  g,yrosco~,c  [3].  IIowcvcr,  tlIc positiol]  c-stilnate

bccoltles  increasingly mronccms as error acculnulatm  o v e r
tiltic [G], For I,IIc flight lnission, SUCII  errors will be removed

by IIulnau cvalua{ion of the rover })osition/oricmtation front
lanclcr stereo i]na.gcry  obtaillml daily.

“1’0  mnovc  this nec:d for IIuman rccalibratiol]  and provide
accurate  rover l)osit,ioll  estimation throughout day, wc have
lmmI illvcwtigating  altcrv]ativc  r o v e r  l o c a l i z a t i o n  schcnlcs.

●  Autcnnalic s t e r e o  vision is onc o b v i o u s  cxtensioll o f  t h e
MII’IIX systcll~.  ‘1’o silaldify finclil)g  tlIc rovcx  in t h e  im-

a.scv, an init ial  iclca of a rover mountccl target  was illtlo.
Cluccd. ‘1’0 clctcrlnillc  o r i e n t a t i o n  a s  WCI1,  I,liis concel)t  l)as

b e t a  extcllclccl  to a colored cylinclcr which has a difl’crcnt

a])})  carallcc  froll~ all Vicwil%  dir~ctiolls.  l{’urtller,  tl)c kllow]l
size of the cyliuclcr c-o]nparccl  wit}] its image size  can bc: used
as all  altcrllativc lnct]]ocl  for rallgc d e t e r m i n a t i o n .  ‘1’his pa-
per  describes l,hc geometry of this l)roposwl  colored cylin-

——

F i g u r e  1 :  I’he c o l o r e d  cy)i]tclcr  in f i e ld  tests  sits OJI top
of Rock.b  3.2 an cl is vimvcd  from stereo ca mcras  on top  of
a ietra)lrdral  l’athfiocler laridcr m o c k u p . 7’hc van  in the

backgrou  ad houses  the o~~cra  f or coIIt rol sfa tion.

CICI approach,  alIcl lmese]lts  cxpcrilncntal  clata ve r i fy ing  the
analysis.

O u r  longtcrm solutiml  for Mars rover localization will
})roljably  involve the replacenlcllt  of the colorccl  cylinder ap-
proach wit}) two mc)rc so},histicated  methods: positiou from
a raclio  I,cac.oli  systcni,  aIId oricntatio]l  f r o m  m e a s u r e m e n t s

of the SUII’S  position i]) the sky (combined wit}] knowlcclgc  of
the time of day). Oricntatiml  via compass readings cannot
be used since Mars has 110 appreciable magnetic field [5].
‘1’hc n c a l - l a n d e r  bcl,avior of the radio bcacoa systcm h a s
yet to bc clctcmniliccl,  howcwm.  OIIC possible  augloentation
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to it may bc visual  local izat ion of  a colored cylinder on tJIc
lander from the rover.

}Icyoarl  a})})licatiolls  for Mars, colored cylillclcr  localiza-
t ion provides a  s imple and cil’cctivc  method for accurate
t r a c k i n g  of  mohilc r o b o t s ,  botk ou tdoor s  and  in .  I f  t he
robots  arc constrained by low mass,  }~ower,  volume, or cost,
on-board sensors  for  posi t ion/orientat ion may not  bc fca-
sib]c.  Altcrllativcly, if 110 statio~lary  b e a c o n s  o r  l a n d m a r k s
exist in the work arwa of the robot, the colored cylinder can
be int roduccd  to provide an effective point of reference.

‘l’l[is  paper is organized as follows. First, Section 2 re-
views the geometry of colored cylinder localisation and pro-
vides !hc equations for  orientat ion,  s ize-based range,  aad
stereo-based range.  ‘1’llis is followed hy an analysis of the
sensitivity of tlIc calculations to measurement errors. Sec-

tion 3 then presents a rrwicw  of the illl~>lcrllclltatioll  of this
l o c a l i z a t i o n  m e t h o d ,  a n d  the resulting  cxpcrimcntal  data.
l~iual]y,  %ction 4 dcscribcs a possib]c extension of this tech-
niclue  by utili7ing  subpixcl  rcsolutiou of cylilldcr  i m a g e s  to

obtain more precise results.

2 Rover Visual Localization

“  2 . 1  P o s i t i o n  mld Oricntation Ilctcrminaticrn

Figure 2 shows a top view of a short  cylinder of  radius
p = 1111. ‘lIIc external  wall  of  each of  the f o u r  q u a d r a n t s
is a diffcrcllt  color  K E {a, ~, y, 8). W h C n  v i e w e d  from a

clistaucc, each color will bc orthographical ly projected onto
the i m a g e  plane in quanti ty k & {A, 11, C, 1)}. I’hc i m a g e
width of tllc cyli]ldcr  is m pixc]s,  and tllc total i m a g e  width

from the camera is hf.

2 . 1 . 1  Orimltatim

luitially, it is a.ssullled  that  the viewing direction is  in the
firs t  quadrant  at an auglc 0, and the vector 11 is normal to
this dirvction  as shown in the figure. ‘Ilcrcforc, the amount

of each m,lor  seen  is:

A  :: (11. i)–(Ilj) (1)

}J :- p-t(ll. j) (2)

C := o (3)

1) :: /r-- (il. i) (4)

whrm th(:  c ircumflex acmlt indicates unit  vectors. l’hc
q u a n t i t y  C is zero since it can not be  SCCII. “Jo remove the
depcnrleuce  on the cyliudcr  radius, it is ~lscf~ll to take the
ratio of tlIc qua~ltitics: A/IJ and A/l). R e c o g n i z i n g  t h a t

r-lx =- si]l 0 (5)

I-1. y == –Cose (6)

the ratios may be rcforalulatcd  as a pair of equations:

Solving t]lis set of equations yields:

(8)

(9)

For  viewing dilcctions  iu other quadrants, different colors
will be involved and an angular offset is nccdcd (OO equal to
a mult iple of  ~). A sirn})lc test to dctcrminc  the q u a d r a n t
of illtcrcst  is to llleasurc which color is not prcscIIt.  A zero
value for this color quantity specifies the row in the following
t able:

I:”EF!I
l.-.__ .h o L’3 ~1 %1

Usiug the proper row for the zero color, the angular offset is
1 color  quantitim arc lnapl>cxldctcrmin  ccl and the n)casurcc

to illtcr~llcdiatc  variables,  k,, for usc in the foHowing  orien-
tation solution:

( k]-lkz–h kI–k2+k3
0. 80 +  a t a n 2  ~jl--~z~, ~1 + ~z ~ ~z

)
(lo)

where atan2(r, y) is the unambiguous form of tan-l (x/y).

2 . 1 . 2  l’ositioll by Size

Figure 3 shows the geometry of viewing at a distaucc  d, with
a calncra  field  of view W. A.gai!l a s suming  an  o r t hog raph i c
}Jrojcctioll  of the sccnc 011 to the image plane, the image will

c o n s u m e  7n/M of the width. ‘1’hcrcforc,

(11)

WhcII  t h e  c a m e r a  i s  C1OSC to the cyliudcr, the pcrspcc-
tivc call  introduce a foreshortening error .  Figure 3 shows
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t h a t  sin#I == ~ = ~. ‘l’hcrcforcj  tbc corrmtion  q u a n t i t y ,  ~,

must  bc added to tbc previous expression for the cylinder
distallcc:

(12)

III this ap]lroxinlation, lk]uation  ( 1 1 )  c a n  bc used  to itera-
tively provide a solulion, or I;quation (12) call  bc solved as

a quadratic cqua.tion.

I’orcxanlpIc, the 17}>ixel iillagc frc}lll  tllc})rc\fiolls  scctiorl
c o r r e s p o n d s  to a distance of 11.24 m, assuming  a 0.1 m
radius cylinder with a nominal 512 x 480 image and a 30°
field  of view.

2.1.3 I’ositim  by Stereo Image ‘1’riaqqdaticm

‘]’hc  geometry for stereo triangulation is very similar to that
dcscribcd  ia the previous section [4]. lnstcad  of relying on

“ the edges of  the imaged cyliudcr  to fo rm a  t r i ang le  wi th
the camera location, two images  arc used to tria.rlgulatc  011
t h e  cmtroirf of the cyli)idcr. III this case, the) distance is

dcpcndcmt on tbc disparily  of  the ccntroid ia the i m a g e s ,
measured in  pixc]s  II:

A411
d=—-

2!1 tan $
(13)

where fI is the bascliuc  distance bctwccm  the stereo cameras.
Si]lcc  tllc cylinder is radially sylnlnctric,  110 view  angle ef-
fects  arc cncountcrml  to illflucncc the centroid l o c a t i o n .

2 . 2  P i x e l  Rcsolutim F.ffccts

2 . 2 . 1  Oricntntiml Errors

‘1’hc precision of  this  or ientat ion measuring schcmc is dc-
pcIIdcIIt  011 tile s~)atial  resolution of tllc pixels in tlIc image

o f  tbc cyliadcv. ‘1’bcrc  are two cxtrwmcs to the resolution

of orientation determination by this scheme, dcJ)cllding on
the anlount of rotation nccdcd to IIIOVC  the color boundaries
from onc pixel to tbc next.

‘1’IIc best  case of  or ientat ion resolut ion occurs  whcm one
of tljc color boundaries is in t}Ic ccmtcr  of tile image. III this.
oricntatioll,  a minimal amouut  of rotation is needed, since
tbc motion of the color boundary is approximately parallel

3

. . .
t o  t h e  inlagc l)lanc. III ttlc gcllcral c a s e  0 1  m to t a l  pIxcls,

the angular resoluticm pcr pixel is:

II)OT ilnagc  plane motion
A8nLi,l = – (14)

Tclditls  Oj cylinder’

(15)

‘J’hc worst  case of o~ientation  resolution occurs when the
c o l o r  boundary  motion is lnost o u t  o f  the image plane.
{;ivcn  tll[ four quadralit design of tlic cylil~der,  this occurs

3T 5= ~T } .  ‘1’hrmforc,forOE{~,~,~,4

‘onLax = k%) (3=+$ ‘]6)
For the example c,f m == 17, tllc resultant rcsolutioa b o u n d s
are: A9,,,,,,  = 6 . 7 °  and AO,,le.  = 9 . 5 ° .

It is useful to climiaatc  m from the equat ions above,  by
cnlployillx  l;quatioa (11) or (1 2):

2d tan $
At?,,,,,,  =- —

M  p
(17)

2 . 2 . 2  ILclativc Positirm Error by S i z e

l~or d i s t a n c e  measurelncnts,  relative  error  is  used to nor-
Inalizc  tlIc r e s u l t s  a n d  a l l o w  m o r e  direct c o m p a r i s o n  o f
them. ‘J’hc relative error in the distance calculation of Eclua-
~ion (I 1 ) caused by a OIIC  pixel  change  ill the size is:

A d hf p 1 dtan $— —-—— ——
dni2 tan $  = 1~~ = – h~p

(19)
‘ d  ~:z~  —

]n the cxiimple, a OIIC  pixel change causes  an error of 0.66 m,
or about 5.8~0 of the total distance.

2 . 2 . 3  ILclativc ]>osil,ion Error by S t e r e o

Sin~ilarly,  using IJquatioll  (] 3) the relative error for distance
by stcre<,  caused by a OIIC  pixel change i]) the centroid is:

If tbc sttrco carncra  baseline is equal to tbc diarncter  of the
cylinder, the resoluticm will bc same as in the last section.

3 11~-]plelllc~~tatio]l  a n d  Experinlenta-
tion

3 . 1  C:olor  Sc.gmclltation M e t h o d

lb expcrirncntall,v  dctcr]ninc  the accuracy of the this local-
izat ion scbcmc, a cylinder was constructed out of fluores-
cent colored cardboard. ‘1’hc cylinder is 19.2 cm in diameter
by 6.4 ( m higllj  ancl  the four quadrants  are colored Muc,
reagent a, red, aud rlj agcllt a again.  ‘1’hc colors were origi-
nally selected so that acljacent colors have similar spectral
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response in one channel of tbe color cameras, helping pre-
vent  boundary pixels from being cxcludcd  in the scgnlmlta-

tion of  the cyliurfm from tbc full image.

‘1’lIc  scgnlentation  of tbc image to locate tlIc q u a d r a n t s
o f  tbc c y l i n d e r  i s  pcrformcxf  iu f o u r  steps: (1 ) tbc image
pixc]s  arc classificcf  by color, (2) nearly adjacent regions are

conncctcxl,  (3) the cylinder is located, and (4) the visible
colored quadrants  of  tbc cyliudcr arc locatccf.

‘J’}lrcc color classes arc Cfcfilled, onc for cacb  of tbc tbrmc

distinct colors of tbc cylinder’s quadrants: Muc, magenta,
and rd. I)cternlilling  t o  wbicb  c l a s s  cacb  l)ixcl  bc]ongs i s
d o n e  by taking tbc ratio of tbc J,rimary  colors of tbc image

(for t kc red  and magenta  classcx:  grccm/red  a n d  b l u e / r e d ;
for tkc blue class: rcd/blne  and green/blue). For each ratio
an cxpcrilncutally  determined range of values is used  to dc-
tcrnliuc  class membership. lntcnsity ratios arc osccl bccausc
of their relative iuscnsitivity  to ambient lighting.

As mmtioncd  previously tkc cboicc of colors is made to
miuiluizc  reject ion of  pixels on the t ransi t ion bctwecu tbc

colors. I;ven SO, many pixc]s  on such borrndarics  are rcjcctcd
as belonging  to IIcitlicr  color class. As will bccomc  clear in
tbc next step, it is  important  that  the tbrec v i s i b l e  c o l o r
q u a d r a n t s  o f  tbc cyliudcr need to  touch cacb  other in tbc
i m a g e .  It is tllcrcforc ncccssary  to filter the image in order
to join alruost touching groups of pixels of diflcrelit  colors.

‘1’bis  is done by finding auy pixel separated ON its right by
only background (rejcctcd)  pixc]s  from a pixel of a different
color. ‘J’lIc gap considered is from one to four background
pixels .  ‘lbc gap is filled in symmetrically by growing the

colors on tbc left  and the rig,bt  of the gap toward each other.

IIcforc scarcbillg,  for tllc cyliudcr  in the imag,c,  tbc area of
interest, in tbc iluagc  is restricted so that none of tbc sky is
visible wkcn opcratilig  outdoors. Otbcrwisc,  tbc sky is often

confused with onc of the quadrant colors. Region growing
is tbcu performed on the sclcc(cd part of tbe image  us ing

local blob coloring to idaltify  tbc four-connected regions of
tbc image which contained any mixture of the cylinder’s col-
ors [1]. Without any analysis as to sbapc, tbc largest such

region is taken as corresponding to tbe cyliudcr.  I’his is not
unrcasollab]c sillcc  tbc colors were quite artificial in appear-
aucc, and tbc l~ackg round is  typically a natural  outdoors
SCCUC.  Also, in a later error-cbcckiug stage,  the bounding
boxes of tbc cyliudcr  in tbc left and rig,bt  stereo images arc
coluparcd  to make sure that they arc similar to each other.

TIIC boundi]lg  box of the cylinclcr  is thcm analyzed to fiucl
the individual  quadrants. ‘1’lIc  same region-growing tcch-
niquc used above is again applied hcm several times more.
]Iut this time, iustcad  of growing regions of any mixt.urc of
the colors, only rcgious  of siuglc colors arc collsidercd.  ‘1’he
largest such rwgion is ]abclccl  tbc “middle” region.  Looking
to the left of the middle region, the largest region of a diKer-
cnt color is labeled the “lcfl” region.  Similarly tbc largest
region to tbc right of tbc middle is labeled tbe “right” re-
.gioll. Collsistclicy  cllcckillg is l>crforillcd  to lnakc s n r c  t h a t

tbe regions found make physical SCIISC. Note that it is IJos-
siblc for olIly  olIc  or two regions to bc visible.

q’hc  final result of this process is tbc center of mass of
tltc entire cyliudcr, as well as tbc boulldiug boxes and }>ixel

counts  fol  each of tbc quaclrants.

3 . 2  SIIImImry  o f  tllc Exl)crimcmtal Results

‘lksts of the cylinder localization were performed with its
ccntcr along the liuc midway hctwccn  a pair of Sony XC999

cammas,  set up for stereo viewing with a baseline of 12 clu.
(;alibratic,]l  procedures indicate that tllcficld of vicwoftl~c

cameras i~ 29.33°.
Mcasnrcmcnts  of tbc cy]iudcr wcrcconductcd  at  20° in-

crclucnts  and five difrcrcn( distances. ‘1’lIc  zero position of

the cylin(lcr was aliguccl  with the ccntcr  of rotation of tbc
camcrasl,  ybore-sightiug,  a]ld tbecyliudcr  was  rotated with
a  macbiliists’  turutablc. ‘J’his proccdurc  w a s  rcpcatcd  a t
cacb  of the  C} IOSCII  distaliccs  of 0.914, 1.829, 4.572, 10.058,
and 15.240 meters  (3,  6, 15, 33, and .50 feet, rcspcctivc]y)
f r o m  tbe center  of  rotat ion of  the stereo camera f ixture.
‘J’hcfronl  of thecamcras  wasoffsctfrorn  tbisorigiu  by .076
nl (3 incl,  es). I’m measurcmcmts  w e r e  taken at cacb  posi-

l ion/orientation sett ing.
Fig,urw 4-6 SIIOW tbc rllca]l  measured angular  error ,  and

the n~eal, measured relat ive distance error  for  s ize and
stcrec,.  All data is IJottcd  as a function of true cylinder

angle.  I t  can  be sccu  that tbe angular  errors  are typically
within ~~,”, esl)c<ially  W}ICII  tbc cyliudcr  is  close.  1~’or  si7, c-
I)ascd  distaucc  d e t e r m i n a t i o n ,  tbc mcausoftbcrelativc er-
]ors  arc off by as muck as  15% for the 10 meter data. Worse
still,  tbe ]5 In data is vcIy  i n a c c u r a t e .  llowcver, for stereo

d i s t a n c e  dctcrmi]lation  the resul ts  arc much bet ter .  ‘1’lIc

calculated distance is  typical ly within 5y0 of correct, and
contains  a  constant  bias  which can Lrc climinatccl by cali-
bration.

3 . 3  Discussionof  tllc:Expcril]lcx~  tal R,c:slllts

It is apl,arcnt f]oln the results that within a 10 meter
range, tllc colored cylinder localization technique provides
rcasonab]y  accurate  I)ositioll  and hcadi]lg i n f o r m a t i o n  f o r
the rovcl:  typically within 5° of  t rue bcadillg’  allcl 5 %  o f
true distance.

‘J’lIc s tandard deviat ions shown in I?igures  7-9 further
i n d i c a t e  that this ~ncasurcnlcllt,  tecbniquc is  quite  prccisc,
cspcciall~  at ranges lCSS than 10 m. ‘1’lICSC  grap]lcd  results
should b(: c o m p a r e d  ag, ailist  tbc calculated errors  for  OIIC
])ixcl cllallgcsiu  tllccyli]]clcrirlla~cs,  l)rovided iu tl[c follow-.,, -
ing  table.

d AO,,,,,; A(?--,,,  az~!![.ize  *L!-

0.838 In o.50-0– 0.71° 0.0045 o.oii)71
1.753 m 1.06° 1.50° 0.0093 0.015
4 . 4 9 6 , , , 2.70° 3.82° 0.024 0.038
9.982 m 6.09° 8.61° 0.053 0.085
15.164 n] 9.25° 13.43° 0.081 0.129

It is ap~,arent that  for  botlI o r i e n t a t i o n  a n d  distaucc,  tl)c
standard deviations indicate that t}le scgmcntecf  images usu-
ally dcvi~tc  by lCSS than OIIC  or two pixels. ‘1’hercforc,  once
calibratul  for bia<,  this ~llctbod  will provide results that arc
at the li]l)it of Incasurclllc]lt, of tllc given ca]ilcras.
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Of notable  except ion to the general ly good quali ty of
n~casurmncnts  is the angular error and standarcl dev ia t ion

in the  –180 < 6 < —90 range for  the 10 m data ,  ~’his  is
attril)utcd to ]Jroblcllls  in scglnclltillg  the magenta and reel
quart rants at this distance. Subscqucmt experiments at  the

15 meter range fnrthrv  confirmed this conclusion by provid-
ing reasonable results except in this angular domain, where
no collsistmit  II)easurmncnts  were  possible.

‘Iwo improvements  to  the ill~})lcltlcrltatioll  of this tcch-
niquc w o u l d  bc a sclcctioll  of ctiffcrwnt colors  and usc of a
nlrrrc  robust scgmcmtation  a l g o r i t h m . Ollc },ossibility f o r
new colors  would  be a simple replacement of tbe rcd panel
with a green one. A more strongly contrasting color appears
to bc dcsirab]c  sillcc the contrast bet.wecu the magenta and
b]uc enabled more accurate cyliudcr  orientation dctern~ina-
tion. “1’his  can bc  SCCII ill the 10 m e t e r  angular e r r o r  d a t a

the smallest  errors  were ill the range of –90° to +-90°,
whcm the blue quadrant  plays a signif icant  role.  (Part ial
data taken at 15 meters confirmed this trend.)

‘l$hc second improvcmcntj  robust segmentation, would in-.
crcasc  the accuracy of both the angle and distance mcasurc-
mcnts. k’irst,  by ref ining the scgmrmtation  of the individ-
ual colored regions on the cylinctcr,  t.hc aug]c  mcasurcmcnts
would improve.  Sccolld, bet ter  segmentat ion of  tllc whole

cylinder would improve size based distance dctcrminatioll.
Third, by fine tuaing the the accuracy of the cylinder cclI-
(roid mcasurclllcnt,  stereo disparity calculatiol,s and the rc-
sulta,rlt  distance dctcrminatio]l  would improve slightly. Fi-

nally, episodes of erroneous scgnlcntatiOn  of regions of tll~
image that arc not, part of the cylinder could bc rcduccd  by
an improved algorithm.

4 Extension to Subpixel  Resolution

‘lo furtbcr improve tlIcsc results, it would bc necessary to dc-
tcrminc  color quadralit image boundaries within the bound-
ary pixels. For instance, in Figure 2 subpixc] resolution is
nccdcd in pixels 2, 3, 14, and 18.

‘1’lIc  possibility of determining the subpixcl  color bound-
ary is dcpcndcut  on the c a m e r a  tcchuology  eIIIploycd.  F o r
instaucc,  a camera like the XC999 used in tbc p rev ious ly
discussed tests has a sillglc  color CC]) chip with cacll  of its

. pixels divided into four color clcIncIIts (e.g. yellow, cyan,

m a g e n t a ,  a n d  grmn).  Unfortunately,  this  tcchno]ogy  d o e s
not rmab]c  subpixc] resolution for our purposes. Other cam-

eras, however, employ three separate CX31)s, cacb covering
the same line of sight but scnsilivc to different colors (e.g.
red, green,  and blue) .  With this  second type of  camera,
or with a black and white camera aud three colorccl  filters,
sut)~)ixcl  rcsolut,ioll  is rtircctly  a c h i e v a b l e .

Consider  the si tuat ion shown in Figure 10,  where the

image of the boundary bet,wccn  two colored regions falls in
the middle of a pixel. III this case, the color sensed by the
pixc]  will bc ihc weighted a.vcragc  of the two colors:

6

color boundary

01
(22)

w h e r e  UI,J is the ]mccntage  of area in tbc b o u n d a r y  p i x e l
covcrcd  I)y the first of the two colors, K, and Xj.  ‘1’lIc  SCIISCCl

C O1 OI quanti t ies  nlay, thvrcforc, bc refined as:

(23)

where k; is the color quantity obtained from only tbosc pix-
CIS direct ly matching the ith  cyl inder  color .  ‘1’hc  summa-
tion over 1 is nccmsary  for  normalizat ion.  ‘J’his analysis is
IIot only applicable on tlIc  I)oundarics  bctwccn  cylinder col-
o r s ,  b u t  also  bctwccII  the  cylillrter a]ld  t h e  hackgroulld.  III

this case, oIIly the background/cylinder  border  weights  are
nccdcd.

2’IIC sabpixc]  calculat ions IIavc an inherent rcso]utioll  as
WCII. ‘1’l,is  i s  d u e  t o  the slwctrat r e s o l u t i o n  o f  tbc can-
cra, 2“, w h e r e  n is the nnmbcr of bits Jm pixel.  Since the

color change of the boundary pixel is a tiucar function of the
boundarj position, the discrctization  of the pixel color  gives
tbc sam{ resolution spatially. Therefore,  the angular  and
radial resolution in Equations (15), (16), (19), and (20) is
reduced I,y the factor 2n. IJor an 8-bit image the IICW values
for the resolution of our cxalilplc  arc: 0.26° < A@ < 0.37”,

Ad =: 2. fimnl  = 0.023% of d. Even aHowing  that tllc full  8-
bit CO1OI  signal may not bc available CIUC to noise and other
factors,  c onsidcrable improvuncnt in local izat ion n~casurc-
mcnts call  be cxIIcctcxl  with sub])ixcl  c a l c u l a t i o n s .

5 Conclusion

Wc have prcscntcd a sin,])lc  method for dctcrn~illing  the po-
sition  auf] oricntatioli  of a mobile robot by viewing a colored

cy]indcr  placed upon it. l;xpcri]nents  have SIIOWII that this
mcthocl ],rovidcs  results accurate to onc or two pixels. Small
errors,  tllcrefore, require ilnagcs  at least an order of magni-

tude larp,cr  (w20 p i x e l s ) . For our cxpcrimcntal  setup, this
translated into an cfrcctivc range of about 10 m.

It iml, ortant, to point out that these results arc pertinent

to tbc Pathfiudcr MF’tIX.  Although human orientat ion de-
terminat ion of  the rove[  will bc used, the visual CIUCS  will
bc l imited by similar  i]ljagc  r e s o l u t i o n  p r o b l e m s .  “J’here-
forc, ro\,cr opcratio]ls wil l  need to bc c o n s t r a i n e d  t o  dis-

tances  tliat provide images a fcw tens of pixels in width.
‘Jibe Pathfinder lander camera specifications provide a sinl-
ilar rausc limit  of -10  II).
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